Background: Despite mounting evidence linking both calcium and IGF1, there is a lack of studies investigating any association between circulating levels of IGF1 and serum calcium. Methods: Serum calcium, IGF1, and IGF-binding protein 3 (IGFBP3) were measured for 5368 participants in NHANES III. We calculated multivariable-adjusted geometric means of serum concentrations of IGF1, IGFBP3, and IGF1/IGFBP3 by categories of calcium (lowest 5% (!1.16 mmol/l), mid 90%, and top 5% (R1.31 mmol/l)). We also performed stratified analyses by sex, age, ethnicity, BMI, serum levels of vitamin D, and bone mineral density (BMD). Results: Overall, we found that circulating calcium was positively associated with circulating levels of IGF1 and IGFBP3, but not their molar ratio (i.e., geometric mean of IGF1 by increasing calcium categories: 237.63, 246.51, and 264.22 ng/nl; P trend : 0.43; P first vs third category : 0.01). In particular, these associations were observed in women, people aged !60, non-Hispanic whites, those with vitamin D levels above the mean, and those with low BMD. In contrast, there was an inverse association with the molar ratio for those with BMI R30 kg/m 2 .
Introduction
Both insulin-like growth factor 1 (IGF1) and calcium metabolisms have been linked to chronic diseases such as cardiovascular disease and cancer (1, 2, 3, 4) . IGF1 is a polypeptide hormone implicated in cell differentiation, proliferation, and apoptosis. IGF1 is mainly carried in the blood within a ternary complex with IGF-binding protein 3 (IGFBP3). This complex stabilises IGF1 such that its clearance is reduced and its supply to target cells is prolonged (5, 6) . Different biological mechanisms have been suggested for the interaction between IGF1 and calcium metabolism. It has been shown in several experimental studies (7, 8, 9) , that IGF1 increases the activity of 1a hydroxylase which transforms the inert 25-hydroxyvitamin D into its active form 1,25-dyhydroxyvitamin D. Active vitamin D is a well known regulator of serum calcium (10) . Furthermore, a recent systematic review, based on 14 studies reporting clinical effects of IGF1 administration, showed that IGF1 increases bone resorption and bone formation (11) , thus also suggesting a potential interaction between calcium and IGF1 in terms of bone metabolism (11) .
Circulating levels of IGF1 have been associated with milk and calcium intake (6, 12, 13) . For instance, a study based on 4731 men and women in the European Prospective Investigation into Cancer and Nutrition (EPIC) assessed the association between dietary intake and serum concentrations of IGF1, IGFBP1, IGFBP2, and IGFBP3 (6) . They found that for each S.D. increase in total and dairy protein and calcium intake, there was an increase in IGF1 concentration of 2.5, 2.4, and 3.3% respectively (P for trend: !0.001 for all) and a decrease in IGFBP2 of 3.5, 3.5, and 5.4% respectively (P for trend: !0.001 for all). Only calcium intake was associated with IGFBP3 (0.8%; P!0.05), and no associations were found for IGFBP1 (6) . Despite several studies investigating a link between dietary intake of calcium and IGF1, to our knowledge no study has yet investigated whether there is an association between circulating levels of IGF1 and serum calcium. Although serum calcium concentrations are tightly regulated, a positive association between calcium intake and levels of ionized calcium has been shown (14) . Hence, we evaluated this relationship using cross-sectional data from the Third National Health and Nutrition Examination Survey (NHANES III), a nationally representative sample of non-institutionalized US Americans.
Methods

Study population
The National Center for Health Statistics (NCHS) conducted NHANES III between 1988 and 1994 (15) , and designed it as a multistage stratified, clustered probability sample of the USA civilian non-institutionalized population who was at least 2 months old. All subjects participated in an interview conducted at home and an extensive physical examination, which included a blood sample performed at a mobile examination center (15) . Study participants were randomly assigned to participate in either the morning or afternoon/evening examination session. We selected all men and women aged 20C years who had serum measurements for IGF1, IGFBP3, and calcium (nZ5368) taken during a morning examination.
Exposure measurements
Information on age, race/ethnicity, cigarette smoking, alcohol consumption, and physical activity was collected during the interview. Race and ethnicity were combined into four racial/ethnic groups: non-Hispanic white, non-Hispanic black, Mexican American, and other. Participants were classified as never, former, and current smokers based on the self-reported smoking habits. Frequency of alcohol consumption was measured by a food frequency questionnaire and categorized by times per week. Vigorous physical activity was defined by the following activities: jogging or running; swimming or aerobics (for individuals 40 years or older); biking, dancing, gardening, and calisthenics (for individuals 65 years or older); and walking and lifting weights (for individuals 80 years and older). Participants were defined as being diabetic when they reported a diagnosis of diabetes or when they were using insulin or diabetic medication. Height, weight, and waist circumference were measured during the examination procedure. BMI was calculated by dividing weight in kilograms by height in meters squared (16) . Serum calcium was measured using a Hitachi 737 Analyzer (Boehringer Mannheim Diagnostics, Indianapolis, IN, USA) (17, 18) . 25-Hydroxy vitamin D was measured using the Diasorin RIA Kit (Diasorin, Stillwater, MN, USA) on frozen serum from 1994 to 1995. Coefficients of variations (CV) from quality control samples ranged from 13 to 19%. The RIA kit was calibrated using HPLC purified vitamin D every 6 months. Bone mineral density (BMD) of femur neck was measured using dual-energy X-ray absorptiometry in 4799 participants. Low BMD was defined as any BMD !1 S.D. below the mean of BMD in young adults (20-29 years) (19) . The Institutional Review Board of the NCHS, Centers for Disease Control and Prevention approved the protocols for the conduct of NHANES III. Written informed consent was obtained from all participants.
IGF1 and IGFBP3 measurements
IGF1 and IGFBP3 were measured by Diagnostic Systems Laboratories (Webster, TX, USA). IGF1 concentrations were quantified by ELISA (DSL 10-5600), which is an enzymatically amplified 'one-step' sandwich-type immunoassay.
This procedure includes an extraction step during which IGF1 is separated from its binding protein in serum. IGFBP3 concentrations were measured with an IRMA (DSL 6600). This is a non-competitive assay in which the analyte to be measured is 'sandwiched' between two antibodies. The first anti-body is placed to the inside wall of the tube and the other is radiolabeled for detection. A single technician performed all procedures. Throughout the study, samples were reanalysed if the CV for replicate samples from a single vial was O15%. CV varied significantly among individual QC subjects ranging from 12.3 to 17.6% for IGF1 and 8.9 to12.8% for IGFBP3 (20, 21) . Their molar ratio is defined by dividing IGF1 by IGFBP3.
Statistical analysis
All analyses were conducted with Statistical Analysis Systems (SAS) release 9.4 (SAS Institute, Cary, NC, USA) and SUDAAN 9.0 Software (Research Triangle Park, NC, USA) as implemented in SAS 9.2. Morning sampling weights for NHANES III were used to account for sampling variability and to adjust for differential probability of selection of persons (15) . First, we calculated the age-adjusted means or percentages of characteristics of the men by categories of serum calcium concentration by adjusting for the age distribution of the USA population according to the 2000 census. Since the calcium metabolism is tightly controlled, the following categories of calcium were chosen to capture extreme variation: the bottom 5%, mid 90%, and top 5%. Next, we calculated crude and adjusted geometric mean concentrations of IGF1, IGFBP3, their molar ratio and their 95% CIs by categories of serum calcium using linear regression. The multivariable model was adjusted for age (continuous), sex, race/ethnicity and factors that have been associated with IGF1 in previous studies: waist circumference, BMI, vigorous physical activity (yes or no), serum levels of vitamin D, cigarette smoking (never, former, and current), alcohol intake (!2, 2-3, 4-6 times a week, or daily or more), and history of diabetes (yes or no) (5, 6, 22) . We also adjusted for serum levels of albumin to obtain an estimate of the free ionized calcium levels (serum normalized calcium), which is the amount of metabolically active serum calcium (23) . In addition, we performed stratified analyses for sex, age groups (20-39, 40-59, and R60 years), racial/ethnic groups, obesity (!25, 25-30, and R30 kg/m 2 ), serum levels of vitamin D (the mean of !25.7 or R25.7 ng/ml) and BMD (normal and low) to determine whether the results were consistent between men and women, between younger and older people, between different racial/ethnic groups, and between people with different vitamin D levels. We performed a test for interaction for all the preceding stratified analyses by introducing an interaction term in the linear regression models and testing its coefficient with the Wald test. These stratifications were chosen based on previous findings for associations with calcium and IGF1 (5, 6, 22) .
Results
Baseline characteristics of the study population by categories of serum calcium are shown in Table 1 . Mean age was slightly higher for those in the extreme categories, which also contained more women. No clear pattern by ethnicity was observed, nor was there a difference in waist circumference by calcium categories. Vitamin D levels were highest for those in the middle category, whereas the proportion of those with a history of diabetes and those who were vigorously physically active was highest for those in the extreme categories.
When comparing the age, sex, and ethnicity adjusted geometric means of the IGF biomarkers by categories of serum normalized calcium, a statistically significant positive association was observed for IGF1 and IGFBP3 (Table 2 ). These trends remained in the fully adjusted model, but statistical significance disappeared for the overall trend. It did, however, remain when comparing the lowest and top 5% of the calcium categories. Neither model showed an association between the molar ratio of IGF1 and IGFBP3 and serum calcium levels.
When stratifying by sex, effect modification was observed for the molar ratio (P interaction Z0.03; Table 3 ). However, for women there was a positive association between each IGF biomarker measured and categories of serum normalized calcium, whereas for men only a weak positive pattern was seen for IGFBP3.
No effect modification by age categories was observed (Table 3) . However, the positive association between each IGF biomarker measured and categories of serum normalized calcium were slightly less pronounced for those age 60C.
Based on the P interaction , effect modification by ethnicity was only present for IGFBP3. There was a positive trend with serum calcium across ethnicity groups, but the means were in general higher for non-Hispanic whites than for non-Hispanic blacks or Mexican Americans (Table 3 ).
An effect of BMI for the association between markers of IGF1 and serum calcium was observed for IGF1 and the molar ratio. In contrast to all the positive associations observed previously, there was an inverse association between the molar ratio and calcium for those with BMI R30 kg/m 2 ( Table 3) .
No statistically significant effect modification was observed by median 25-hydroxy vitamin D concentration. However, the positive association between markers of IGF1 and serum calcium was more pronounced for those with vitamin D levels above the mean (Table 3) .
Finally, a lack of effect modification was also seen when stratifying by BMD. Nevertheless, a statistically significant positive association between IGF1 markers and serum calcium was only observed in men with normal BMD (Table 3) .
Discussion
This cross-sectional study investigated how serum levels of calcium are correlated with circulating markers of the IGF1 metabolism. Overall, we found that circulating calcium was positively associated with circulating levels of IGF1 and IGFBP3, but not their molar ratio. These associations were, in particular, observed in women, people aged !60, non-Hispanic whites, those with vitamin D levels above the median, and normal BMD. In contrast, there was an inverse association with the molar ratio for those with BMI R30 kg/m 2 .
An indirect biological association between calcium and IGF1 has been suggested by the documented links between IGF1 and components of bone metabolism. For instance, vitamin D is suggested to increase circulating IGF1 and IGFBP3, whereas IGF1 has been reported to stimulate renal production of vitamin D, which further modifies calcium availability and suppresses parathyroid hormone (PTH) secretion (5). IGF1 is produced in large amounts by osteocytes, and absence of osteocytes-derived IGF1 has been shown to impair bone development and turnover (24, 25) . IGF1 is observed to bind directly to calcium channels, which opens calcium stores (26, 27) . All this evidence indicates a complex interplay between IGF1 and calcium homeostasis as well as its regulators. However, no study to date has investigated the association between circulating levels of markers of IGF1 metabolism and calcium in the population.
Epidemiological evidence for a potential link follows from studies investigating dietary intake of calcium and dairy products. With respect to the markers of IGF1 studied here, EPIC found a positive association between total and dairy protein and calcium intake and IGF1 as well as between calcium intake and IGFBP3 (6) . Another study, based on 1798 men, also showed positive associations between diary product, dairy protein, and calcium intake and IGF1. However, they did not find any associations with IGFBP3 (28), which is in contrast with our findings. Overall our findings corroborate a positive association between IGF1 and serum calcium, and potentially also IGFBP3.
In a case-control study nested in the Physicians' Health Study, plasma samples of IGF1 for 14 915 men was assessed in relation to intake of low-fat milk or calcium from dairy food (29) . Despite their primary focus on colorectal cancer, Ma et al. found that low-fat milk was positively associated with plasma with plasma levels of IGF1, IGFBP3, and their molar ratio, indicating a relationship between intake of dairy products and a modest increase in circulating IGF1 levels. Our study assessed similar associations as in the study by Ma et al., but now investigating serum calcium levels, and only observed a positive association with the molar ratio for women, not for men. The lack of an association for men could reflect the difference in patterns of calcium supplement use for men and women. Women are thought to take these supplements more frequently than men (30) .
In fact, all markers studied were positively associated with serum levels of calcium among women. This is consistent with what was found for calcium intake. A casecontrol study nested within EPIC evaluated the relationship of diet with IGF1 and IGFBP3 in women. IGF1 was positively associated with intake of milk and calcium, however, no associations were found for IGFBP3 in this study (31) . Similar findings came from a British study showing a 25% increase in calcium intake to be associated with an increase in IGF1 of 5.92 ng/ml (28) , which the authors suggested follows from the high correlation between calcium and milk in dietary surveys. A study by Holmes et al. (13) observed an association between dietary calcium and IGF1, but not for total calcium intake including supplementation.
Stratification by age mainly showed positive associations for those !60 years old, which could potentially be driven by menopausal status of women as sex-stratification showed stronger associations for women. However, our sample size was too small to perform a combined age and sex stratification. It has previously been shown that both IGF1 and calcium decrease with age in women (32) , which could potentially explain why there is a stronger association between these markers in younger participants.
Effect-modification by ethnicity is of interest, especially due to the implication of race/ethnicity on one's susceptibility to chronic diseases such as cancer. For instance, black men have a higher risk of getting prostate cancer (33) , and higher levels of IGF1 and lower levels of IGFBP3 have been associated with an increased risk of prostate cancer (34) . A cross-sectional analysis based on 95 African American and 138 white males aged 33-83 years Moreover, it is difficult to really make a statement about this as we did not observe an effect in men and our sample size was too small to make further effect modification by both ethnicity and sex. Positive associations between markers of IGF1 metabolism and calcium were mostly apparent in those with BMI !25 kg/m 2 , which is interesting given the mixed findings of both higher and lower free IGF1 concentrations in obese individuals (35) . A recent randomised controlled trial allocated 439 overweight or obese postmenopausal women into exercise, dietary weight loss, exercise and dietary weight loss, or control. Even though there were no significant changes in either IGF1 or IGFBP3 in any of the intervention arms compared with the control, the IGF1/IGFBP3 ratio increased significantly in the diet and diet/exercise group compared with control (36), which may be a reflection of changes in BMI. No clear pattern for the ratio was found here in terms of BMI, however it was positively associated with calcium in all apart from those who were overweight. Only amongst those with high vitamin D levels, we observed a positive association between markers of the IGF1 metabolism and calcium. All geometric means were also higher among those with high vitamin D levels. A recent review confirmed that the interplay between vitamin D and IGF1 is complex as it occurs at both endocrine and paracrine/autocrine levels (5). Our findings corroborate previous biological evidence that vitamin D increases circulating IGF1 and IGFBP3. This positive association also support the notion that IGF1 stimulates renal production of vitamin D, which increases calcium availability (5) .
Low IGF1 levels have been linked to bone loss and risk of fracture (37, 38) . We found a positive association between IGF1 and IGFBP3 with calcium in those with normal BMD of the femur neck. Additionally, levels of IGF1 markers were markedly lower in participants with low BMD, which corroborate prior findings (32, 39, 40) . Although no statistically significant interaction was seen, the stronger link between IGF1 markers and calcium in normal BMD may warrant mechanistic investigations in the IGF1 and calcium axis in presence of bone loss.
This study has several strengths including its generalizability following the use of nationally representative data. Therefore it was also possible in our analysis to perform a stratified analysis by several demographic components. We were able to adjust for many potential confounding factors. A limitation of this study is that we did not have data on free ionized calcium in the NHANES III, and remaining discrepancies may occur even though we have corrected serum calcium based on albumin levels. Additionally, information on other metabolites or regulators of serum calcium such as PTH which may further characterize calcium status is not available in the study. Finally, it is worth noting that our results did not always corroborate what has been found for the associations between calcium intake and circulating levels of IGF1 markers. Even though a positive association has been shown between calcium intake and ionized calcium (14) , it is possible that dietary changes are not reflected as strongly by the tightly regulated calcium metabolism measured in blood so that the association with IGF1 markers differs from those for dietary calcium intake. 
Conclusion
This study showed an overall positive association between circulating levels of IGF1 and IGFBP3 and serum calcium. However, stratification by potential effect modifiers did not support all suggested hypotheses. Nevertheless, our findings did show a stronger association between IGF1 and calcium for those who also had higher vitamin D levels and those with normal BMD. These cross-sectional findings provide more insight into the interplay between calcium and IGF1, which may be important in the context of diseases. This can be investigated in larger observational studies allowing for additional stratifications based on a combination of the different effect modifiers investigated here.
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